Solar thermal heaters (STs), photovoltaics (PVs) and ground source heat pumps (GSHPs) are widely used nowadays due to their advantages of environmental protection and energy saving. The combination of solar thermal, photovoltaic and GSHP can achieve an even better performance and such a system is referred to as PV/ST-GSHP in this study. However, renewable energy resources, such as solar energy, have an intermittent nature, and thus it is necessary to use an energy storage system. This paper aimed to have a comparison between different forms of energy storage in a PV/ST-GSHP system. The capacity of the energy storage in four different systems was optimized by a multi-objective approach, which concerns economic, energy and environmental objectives. The results showed that energy storage can improve the overall performance of the system. In the different forms of energy storage, the integration of thermal and electrical energy storage performed better than other forms of energy storage.
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Introduction
With the rapid development of society and technology in the past years, the global total energy consumption has grown by 49% [1] . And among them, the building energy consumption accounts for 33% of the total energy consumption [2] . As a result, the requirements to reduce the energy consumption in building has led many researchers to promote high-efficient and low-emission energy production, conservation and usage methods [3] . The key to solve this problem is the use of renewable energy sources (RES), such as solar energy which can meet the energy demand without environmental impacts [4] [5] [6] . However, due to the intermittent and unstable nature of solar energy, integrating a thermal storage system plays a key role in enabling a stable and flexible heat supply [7] . At present, the combination of solar thermal, PV and GSHP is a good way to maximize the use of renewable energy supply and improve the performance of this system as well. But just as mentioned above, integrating this system with energy storage is very essential for its performance. So which forms of energy storage can be used well in such a system is a hot point for researchers.
There have been some studies on the integration of solar assisted GSHP with thermal energy storage (TES) and analyzed the characteristic of such system. R. Renaldi et al. [8] presented a design and operational optimization model and founded that the equipment and operational cost of a HP system without TES are significantly higher than for a conventional system. Hansani Weeratunge et al. [7] indicated that the system with TES leads to improved peaking shaving. R. Hirmiz et al. [9] used the Phase Change Material (PCM) as a storage medium instead of water and presented a novel analytical methodology to size thermal storage in solar absorption systems. Kelly et al. [10] showed that synchronised load-shifting with HP-TES systems can lead to a significantly increased peak load in the electricity system. In addition to TES, electricity storage can also be taken into consideration for energy storage. Yang et al. [11] studied the application of heat pump in a photovoltaic/Battery Energy Storage System (PV/BESS) microgrid and proposed an energy management strategy. As for electricity storage, it can be placed at both grid side and user side. Apart from the single energy storage form, it is possible to configure two energy storage form to complement each other. Anna Stoppato et al. [12] presented a model for the optimal design and management of a cogeneration system with energy storage to meet the demand as much as possible. A research on the ability of heat pump systems to increase self-consumption of PV-electricity was carried out, and found that the optimal sizing of PV is strongly dependent on the scenarios and in particular on the electrical load profiles [13] .
Although existing literature have studied energy storage integrated PV/ST-GSHP system, little research has carefully compared various types of energy storage. This paper aims to make a comparison between different forms of energy storage and the ways how they are integrated in a PV/ST-GSHP system. The capacity of the energy storage system was optimized by genetic algorithm in MATLAB and the operation of the unit of the system was performed in TRNSYS.
Methodology
System description
The overall structure of the system under study contains an electric power unit, a heating and cooling unit and energy storage units to meet the electricity, heating and cooling load. The electricity is provided by the grid and PV, the heating and cooling is provided by GSHP. Electricity is stored in the battery, heat is stored in the water tank which coupled with GSHP composed the integrated heat pump system. This paper investigated four kinds of system, namely the system with no energy storage (Figure 1 ), the system with electrical storage (Figure 2 ), the system with thermal storage (Figure 3 ) and the system with electricity and thermal storage (Figure 4 ).
Figure 1
The system structure with no energy storage
Figure 2
The system structure with electrical energy storage system only
Figure 3
The system structure with thermal energy storage system only
Figure 4
The system structure with both electrical and thermal energy storage system
System mathematical model
Photovoltaic unit
Photovoltaic is the electric power generation unit in this system, and the output power is mainly affected by solar radiation and ambient temperature [14] . It can be calculated as follows:
is the PV's laying area; is the solar radiation received by photovoltaic panels per unit area; is the efficiency of PV panels and its value is selected to be 0.16 [15] .
Electricity storage unit
In this system, a lead-acid storage battery is used as a storage equipment to improve the schedulability of the system, suppress the instability of the photovoltaic output, and reduce the operating cost of the system by using the time-sharing electricity price, thereby improving the economy.
The remaining amount in the battery at one time is shown as: 
Thermal energy storage unit
The maximum storage amount of the water tank R can be calculated as:
is the specific heat of circulating water;  is the density of water; V is the volume of the water tank; t  is the temperature difference between the inlet and outlet;  is the perfection of the water storage tank, considering the effects of mixing and the temperature layer, can be chosen as 0.85-0.9;  is the volume utilization of the water storage tank, taking into account the influence of the radiator arrangement and other unavailable space of the water storage tank, we choose it as 0.95.
The remaining amount in the tank at one time is shown as: 
GSHP unit
The GSHP consumes electric energy, generates cold energy or heat energy, and can directly supply the heating and cooling load, or is stored in the storage equipment. Its energy conversion can be shown as follows: 
Solar thermal unit
The solar heating can be calculated as follows:
is the ST's laying area; is the efficiency of ST collectors and we select its value to be 0.45.
The balance of the solar thermal collectors: is the heat exchange medium water equivalent;
is the useful power of the collector; 1 is the heat dissipation power of the collector, it can be calculated as follows:
(10) where 1 is the total heat transfer coefficient of the heat absorption plate to the environment; and are the heat absorption plate and the ambient temperature respectively. As the is difficult to calculate, the (9) can be listed as:
where ′ is the collector efficiency factor, in this paper, we select it as 0.85; , is the average fluid temperature.
The final thermal balance of the collector is as follows:
, , 
System optimization model 2.3.1 Objectives
This paper optimized the capacity of the energy storage in four different systems and the environmental, energy and economic impacts were considered in the multi-objective optimization.
(1) Economic objective
The economic objective is to minimize the annual total cost (ATC), which is composed of annual initial investment cost (AIIC), the total cost of electricity get from the grid ( Grid TC ) and annual maintenance cost (AMC). (13) where N and C are the installed power of equipment and the initial capital cost of each kind of equipment, respectively; K is the number of equipment for system; P is capital recovery factor, can be defined as: Table 1 . The aim of this system is to use less electricity from the grid, so the energy objective is the amount of electricity get from grid Grid 
E . (3) Environment objective
The carbon dioxide emission is chosen as environment objective. But in this system, the carbon dioxide emission is caused by coal-fired power plants. As a result, the environment criteria is consistent with the energy criteria is Grid E .
Constraint conditions
The constrains of this optimization can be divided into two parts-energy balances and equipment operating load constraints.
(1) Energy balance Electricity balance: 
V
are the maximum capacity of the battery and water tank respectively.
During the operation of the system, there is a limit to the maximum charge and discharge rate for the battery in each dispatch period, and charging and discharging cannot be performed simultaneously. 
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In order to improve the system's efficiency by using the time-sharing electricity price as much as possible, it is stipulated that the amount of cold storage or heat storage in the storage pool at the start time and the end time of the scheduling period is the same and is the minimum value, in other word, the heat stored on the day should be released on the same day. (27) The working power of the GSHP should not be greater than the maximum power of the unit. At the same time, in order to avoid energy waste caused by the operation of the heat pump unit at a low load rate, the minimum limit of the working power of the GSHP is specified. At the same time, the two modes of cooling and heating cannot be operated at the same time. 
This paper intends to compare different types of energy storage (battery, energy storage) and how they are integrated into a PV/ST-GSHP system, while reducing the cost under the time-of-use electricity price and maximizing the intake of renewable energy (solar, geothermal energy) at the same time.
The paper adopted genetic algorithm (GA) to implement the optimization. The genetic algorithm has three basic operators: selection, crossover and mutation.
The selection operator adopts random ergodic acquisition. To ensure the diversity of the population, the crossover operator uses single-point crossover; the mutation operator uses discrete mutation. If the convergence criteria are satisfied, the search process is terminated. If the convergence criteria are not satisfied, iterative iterations are required, through selection, crossover, and mutation until the search for the optimal solution. The calculation process is realized in MATLAB.
In this paper, an office building in Jinan with four floors was employed as the energy consumer. The floor area is 3200 2 m and the air-conditioned building area is 2048 2 m . After the simulation with the software, the heating load of the office building is 189.871KW and the cooling load is 185.555 KW. The output of PV is simulated in TRNSYS, it can be seen in Figure 5 .
In this paper, we use typical day to simplify the optimization process. The results of the optimization are listed in Table 2 . We chose two indicators to evaluate the three energy storage forms. The first one is cost saving rate (CSR), which is the ratio of the annual total cost savings after configuring energy storage to the annual total cost of unconfigured energy storage. The second one is the carbon dioxide emission reduction rate (C 2 ). It can be calculated as:
where ' 2 CO E and ' ATC are the carbon dioxide emission and annual total cost of system with no energy storage.
From the results we get, there are several points can be discussed. Firstly, comparing the system with no energy storage and only thermal energy storage (TES), we can find the optimal capacity is 531 3 m and due to the lower initial investment cost and longer service life of the thermal energy storage equipment, the total annual cost savings rate reached 5.89%. However, the electricity demand is still huge although TES can lead to reduction in GSHP's electricity cost. So the Grid TC is still as high as 13.46 ten thousand yuan. Because of the reduction in electricity consumption, the 2 
CO ERR
reaches to 37.07%. Comparing the system with no energy storage and only electrical energy storage, although the operating cost saving is larger than with TES only, due to the high initial investment cost and short service life of electric energy storage equipment, the CSR is 6.26% only. Because the electricity consumption is lower than system with TES only, the 2 CO ERR gets to 59.38%.
Compared with the case where only the electric energy storage and only the thermal energy storage, when the electric energy storage and thermal energy storage are configured at the same time, the battery capacity is smaller than the battery capacity when only the electric energy storage is configured, and the storage pool capacity is also less than only with TES. Combined electric energy storage and TES, the peak load can be transferred more, the renewable energy can be used more, and the operating cost is lower than the operating cost when using a single energy storage method, and the total annual cost saving rate is also higher. From the above results, it can be seen that the integration of both electric and thermal energy storage in the building energy system is more economical than the configuration of a single electric energy storage or thermal energy storage. 
Conclusion
This paper, investigated an energy storage integrated PV/ST-GSHP system with the aim to compare different forms of energy storage and the way of their integration. To this aim, four systems: no energy storage, electric energy storage only, thermal energy storage only and both electric and thermal energy storage are respectively optimized to determine the optimal capacity of energy storage. By comparison, the integration of both electric and thermal energy storage has a better performance over other forms of system. The cost saving rate can reach 9.26% and the 2 CO ERR can even get to 73.45%.
